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ABSTRACT 

This is the final report  on Contract NAS 5-3908 fo r  "The Improvement 
of Zinc Electrodes for  Electrochemical Cells". The work car r ied  out 
during the ent i re  program i s  summarized and a review i s  provided of 
other  work in this and related areas.  

The requirement for  higher energy outputs p e r  unit weight of battery in 
advanced space missions has  pointed out the need for  developing the 
Ag/ Zn battery into a m o r e  reliable, rechargeable battery. Although 
present  Ag/ Zn bat ter ies  when used as a p r imary  battery (i. e. , single 
discharge),  a r e  capable of yielding up to 90 watt hours  pe r  pound, in 
pract ice  it has  been found that for u se  as secondary bat ter ies  capable 
of sustaining hundreds of charge / recharge  cycles, only 30 watt hours  
per  pound can be achieved. 

The major  obstacle which presently prevents an improvement beyond 
this  figure f o r  the Ag/Zn secondary battery i s  the deterioration of the 
zinc electrode which occurs  during recharging by the formation of 
dendrites on the Zn negative plate. 
with the fact that zinc is  quite soluble in the electrolyte, and that 
during the charging and discharging of Zn electrodes,  extensive 
rear rangements  of the Zn physical form occur, 

These dendrites a r e  associated 

An exploratory r e sea rch  program has been conducted with the 
objective of defining the nature  of the problem as exactly a s  possible 
and indicating the directions in  w h i c h  improvements of this sys tem 
should be sought. 

Our understanding of the problem has  advanced significantly. 
main pa rame te r s  which control dendrite growth have been identified. 
These a r e :  (1) the overpotential which governs the morphology, and 
( 2 )  the ra te  and type of zincate diffusion (i. e . ,  spherical  o r  l inear)  in 
relation to the geometry of the electrode/ electrolyte interface,  which 
controls both the overall  growth r a t e  and the selective propagation of 
individual dendrites. 

Two 

It was shown that density differences between zincate and potassium 
hydroxide, and hydrogen bubble formation both lead to local convection 
and thereby enhanced propagation. 

Two remedies  were  suggested which a r e  expected to  provide improve- 
ments  in the cycle life of s i lver lz inc batteries.  These a r e :  (1) the 
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use  of intermittent charging which was shown to produce a denser  and 
m o r e  even deposit, and (2 )  a method for elimination of preferent ia l  edge 
growth. 

Finally, a program of fur ther  work in this a r e a  is suggested. 
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SECTION I - INTRODUCTION 

The growth of zinc dendrites during the charging of s i l ve r /  zinc bat ter ies  
i s  an undesirable feature  of this and other  systems employing zinc viz. 
z inc / a i r  and nickel/zinc and threatens to  outweigh the advantage of high 
power to weight and volume ratio which zinc otherwise imparts.  

- 

Dendrite growth is responsible for  ear ly  fa i lure  due to shorting, loss  
of capacity due to breakaway of active mater ia l  f rom the negative plate 
and, therefore,  variability of performance and limited cycle life. 
Although i t  can be a rgued( l )  that the poor cycle life of s i lver /z inc  
bat ter ies  can be ascr ibed to separator  deficiencies, it is likewise 
evident that ear ly  separa tor  failure would not occur  but for  the growth 
of zinc dendrites. 

The problem of zinc dendrite growth has not received wide attention in  
spite of i t s  evident importance and only a few attempts notably by 
Higgins and Bruins(2) have been made to  define the mechanism of 
e i ther  initiation o r  propagation. 
diffusion and a l so  examined the effect of adding aluminum hydroxide as 
a means of reducing zincate solubility. 

These authors discussed the role of 

A number of pract ical  remedies  have been proposed. 
shown that dendrite growth is inhibited in cellulose-based polymer 
films which have been t reated with surfactants. Such mater ia l s  a r e  
adsorbed preferentially on the t ip  of a dendrite advancing into the fi lm 
and thereby promote side-branching (which is of course  the prefer red  
alternative to l inear  dendrite propagation). 
propagation by dissolving the same surfactants in the electrolyte were 
unsuccessful. 
the cellulose f i lms was retarded by increasing temperature.  

K r y ~ k o v a ( ~ )  has 

Attempts to  reduce 

Kryukova a l so  noted that dendrite propagation through 

A useful discussion of the action of leveling agents, e. g., coumarin 
and thiourea in electrodeposition w a s  published recently by 
Kudryavtsev and co-workers. (4) 
preferent ia l  adsorption of surfactants at surface asper i t ies  were  
reviewed. 

The various theories  for  the 

Romanov,(5) who is the author of a l a rge  number of papers  on the 
subject of secondary bat ter ies ,  has descr ibed the use  of alternating 
cu r ren t  techniques for  charging s i lver /z inc and nickel/zinc batteries.  
He that dendrite formation is avoided when the battery i s  
charged with asymmetr ic  A C  of frequency between 50 and 200 cycles. 
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Romanov was a l so  able to double the cycle life of nickel/zinc bat ter ies  by 
wrapping the ends of the zinc electrodes with an alkali res is tant  film 
such as polyethylene. (7) He had previously observed that shorting 
usually occurred at the edges of the electrodes.  
the cur ren t  distributicn and to the presence of f r e e  zincate a t  the edges. 

This was ascr ibed to 

Additions to the electrolyte o r  to the zinc electrode have been 
extensively tr ied,  but mainly by investigators in  the plating industry and 
many c la ims  exist  fo r  the bright latin 
containing f o r  example cyanide, (') t in , j9 )  and lead. ( lo) As stated above 
in  reference to Kryukova's work, organic additives to the electrolyte 
have not had any beneficial effects  in s i lver /z inc  batteries.  It should 
be born in mind that any additive must  be compatible with the overall  
operation of the battery. F o r  example, cyanides have been repeatedly 
used a s  leveling agents but they would clear ly  have a deleterious effect 
on the s i lver  electrode, causing complexing and dissolution. 

More  basic studies have been car r ied  out by Barton and Bockris(") who 
studied the growth of s i lver  dendrites in molten nitrates.  
a theory for  dendrite propagation in t e r m s  of diffusion. The higher ra te  
of growth at the tip of a dendrite was  shown to be due pr imar i ly  to the 
onset  of spherical ,  as opposed to  l inear diffusion. Under given 
conditions of concentration and surface activity, the fo rmer  gives r i s e  
to the la rges t  net flux pe r  unit area. 
the Nernst  diffusion layer  concept;('') the thickness of the diffusion 
layer  is lowest at the points where the radius of curvature  is smallest ,  
which a r e  a l so  fa r thes t  removed from the substrate.  Thus, once a 
situation has been created where surface asper i t ies  o r  protrusions 
exist, the growth of such i r regular i t ies  will be accelerated by the 
no rma l  processes  of convective diffusion. 
par t icular  relevance in the present study and is the subject of most  of 
the work ca r r i ed  out during the third quar te r  of this contract. 

Wrang1en(l3) has  given a useful descriptive t reatment  of dendrite 
formation in t e r m s  of space lattice pa rame te r s  for  lead, s i lver ,  tin, 
and cadmium electrodeposition from aqueous solutions. Such an  
analysis  has  not been attempted in the present  work, but should 
probably be included in a future study. 

of zinc f rom alkaline solutions 

They proposed 

This may be clarified in  t e r m s  of 

This theory has  found 

Work has  been directed under the present  contract  to identify the 
mechanism and possible means of elimination o r  mitigation of the 
effects of dendrite growth. 
a n  electrochemical analysis of the zinc/ zincate couple. 
phase of this study (Quarterly Report No. l ) ,  was devoted to 

The approach adopted has  been to conduct 
The initial 
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obtaining current-voltage curves for  both the anode and cathode 
p rocesses  under a variety of conditions of concentration of potassium 
hydroxide and dissolved zincate. In addition, general  observations were  
recorded of the different dendrite morphologies. 
f rom this work was that the principal parameter  controlling dendrite 
morphology is  the overpotential. A definite t rend in dendritic form 
f r o m  ' 'mossy ' '  to  "acicular" was apparent a s  the potential of growth 
was made m o r e  cathodic to the reversible  potential of the zinc/zincate 
couple. In more  recent work it became apparent that a secondary 
pa rame te r  which controls the dendrite morphology is the extent to  
which the rate  of deposition is controlled by m a s s  t ransfer  and the 
geometry of the electrode/ electrolyte interface. 
of in te res t  were that during anodic dissolution: (1) a highly active 
zinc surface i s  formed that i s  capable of displacing hydrogen f rom the 
electrolyte much m o r e  rapidly than does smooth zinc, and (2) mos t  of 
the cur ren t  during dissolution goes toward reducing the thickness of the 
individual dendrites,  r a the r  than reducing the length. 

The main conclusion 

Fur ther  observations 

During the second qua r t e r  dendrite propagation r a t e s  were  measured. 
The ra te  of propagation, which was measured in t e r m s  of mm/coulomb, 
is c lear ly  a significant parameter  i n  determining the tendency for  
dendri tes  to cause shorting and w a s  shown to increase  with increasing 
overpotential. 
by the simultaneous evolution of hydrogen and the measured  propagation 
ra te  was therefore  l e s s  a t  -1950 mV than -1850 mV.  Metallographic 
cross-section studies were  car r ied  out with the a im of identifying the 
origin of dendrite nucleation and the p rocesses  which occur during the 
ea r ly  s tages  of growth (initiation). Although no cer ta in  analysis was 
possible, a tentative conclusion w a s  that  the number of dendrites 
nucleated may be related to  the frequency of defect sites. 
noted that of the dendrites which were  nucleated, only a smal l  
percentage grew to a s ize  The role of diffusion was d is -  
cussed and its importance was i l lustrated with reference to dendrite 
propagation rates ,  growth through separa tor  mater ia l s ,  edge effects 
and den s i f i  ca  t i  on. 

At the m o r e  cathodic potentials the r ea l  ra te  was masked 

It was a l so  

' 0 .  001". 

During the final quar te r  the principal aim has been to define m o r e  
exactly the role  of diffusion in this  system. 
separa te  polarographic determination of the diffusion coefficient of the 
zincate ion in KOH. 
dendrite propagation and in  certain instances dendrite morphology has  
been demonstrated. 
proposed, both of which rely upon an understanding of the m a s s  
t r ans fe r  in  this system. 

This necessitated a 

The role of diffusion in determining the ra te  of 

Two remedies fo r  existing causes  of fa i lure  a r e  
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In a paral le l  study on zinc dendrite formation which i s  being conducted a t  
Yardney Electr ic  Corporation(14) it has  been shown that rotation of the 
electrode causes the formation of a smooth deposit as judged both 
visually and by the fact  that the current,  at a fixed potential, does not 
r i s e  appreciably with time. 
can be offered at this moment: 

Two al ternate  explanations for  this resul t  

a. That rotation causes  complete elimination of 
concentration polarization, and that under such 
conditions no dendrite formation occurs. This 
conclusion is favored by Yardney and is supported 
by the fact that the calculated diffusion limited 
cur ren t  was much higher than that actually 
observed. This i s  nevertheless suprising in view 
of: (1) the relatively low speed of electrode 
rotation (1440 rpm), ( 2 )  the fact that the reduction 
of zincate i s  an intrinsically rapid (i. e . ,  
revers ible)  process ,  and ( 3 )  even at potentials very 
close to the reversible  potential where the process  
is certainly activation controlled, a smooth deposit 
is not obtained in  the absence of rotation. 

b. That rotation causes  the diffusion layer  to be very 
smal l  with respect to the surface i r regular i t ies  o r  
protrusions which would eventually lead to 
dendrite growth (cf. Barton and Bockris(' l)). 
Under the la t ter  conditions, since the diffusion 
layer  follows the contours of the surface there  can 
be no preferred s i t e s  for  dendrite propagation. 
This seems to be the more  probable explanation. 

Some analogous experiments have been performed in  the present  work 
but instead of maximizing convection, the opposite was effected by 
electrodepositing zinc from a zincate solution within a capillary, 
thereby maintaining conditions of semi-infinite l inear  diffusion. 
conditions approximate those existing in a s i lver /  zinc battery. 
technique has a l so  served t o  indicate the role of hydrogen bubble 
formation in causing local convection and a l so  the relative ra tes  of 
propagation of a dendrite and the thickening of the diffusion layer. 

Such 
This 

No rea l  p rogress  has been made in  understanding the cause of initiation 
of dendrites. Some experiments have been ca r r i ed  out comparing 
growth on annealed and cold-worked samples  of zinc but they were  
ra ther  inconclusive. 
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SECTION 11 - DISCUSSION 

2. 1 EXPERIMENTAL METHODS 

2. 1. 1 Mater ia ls  

No  change has  been made in source of ZnO, Zn and KOH which were 
employed in the f i r s t  two quarters.  

The following additives to  the electrolyte have been t r ied:  

a. T et  ram e thylammonium hydroxide pentahyd rat e 
(C. P. grade K & K) 

b. Tin as Sn++ (F i she r ,  certif ied 99. 670) 

C. Thiourea (Baker, analyzed 99.670) 

d. Ethylenediamine (F isher ,  certif ied 1 0 0 ~ 0 )  

Experiments have been ca r r i ed  out using amalgamated electrodes. 
were  prepared using a solution containing 33. 3 g Hg C12 and 8. 3 g K B r  
in 1000 ml H2O. 
dr ied  and immersed  f o r  40 seconds i n  the solution. 

These 

The zinc electrodes were  washed in methyl alcohol, air 

2. 1. 2 Equipment and Apparatus 

2. 1. 2. 1 Cell and Propagation Rate Measurement  

The cell  for  dendrite growth was the s a m e  as used in  the previous quarter.  
A change was, however, made in the technique for  measuring propagation 
r a t e s .  Previously photographs were taken of a growing dendrite and the 
extent of propagation determined f rom a comparison with a standard 
grid,  the same section of the electrode surface being observed through- 
out a given growth. A more  direct  method has since been used in which 
the electrode is sttached to  a stage which is moveable upwards o r  down- 
wards with a micrometer  head. A b r a s s  semic i rcu lar  d i sc  was inser ted 
into the telemicroscope a t  the point of focus and served as the point of 
reference. 
the point of reference and i t s  position was read  on the micrometer .  

In operation, the electrode was brought to a point even with 
As  
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the dendrites grew, the electrode was lowered to keep the leading edge 
of the growth a t  the reference point. 
readings was the extent of propagation and this was accura te  to 
t 0. O O l " ,  which amounts to t 57'0 of an 0. 5 m m  growth. 

The difference in the vern ier  

- - 

2. 1. 2. 2 Electrode Construction 

It was pointed out in the second quarterly report  that the observed ra te  
of dendrite propagation is grea te r  at the edges than in the center  of the 
electrode. 
e lectrodelelectrolyte  interface and the fact  that growth at the edges is 
controlled by spherical  diffusion. Clearly, the preferent ia l  growth of 
dendrites a t  the edges of an electrode renders  the measurement  of 
propagation at the center  uncertain and therefore  most  of the propaga- 
tion experiments during the past  quar te r  have been ca r r i ed  out with a 
recessed  electrode as shown in Figure 1. The depth of recession was 
0. 020" which i s  approximately the separation of the plates in a 
s i lve r /  zinc battery. With such an electrode, preferential  edge growth 
was eliminated until the dendrite had grown to a height of 0. 020". 
is fu r the r  discussed below with particular reference to the elimination 
of edge effects of s i lver lz inc  batteries. 

This was explained in t e r m s  of the geometry of the 

This 

2. 1. 2. 3 Polarography 

Polarography was selected a s  being the quickest and most  reliable 
method available for  determination of the diffusion coefficient of 
zincate in 447'0 KOH. 
model XV polarograph in conjunction with a dropping mercu ry  
electrode. The diffusion coefficient was calculated f rom the Ilkovic 
equation :( 1 5) 

Polarograms were  obtained using a Sargent 

2 1 3  116 id = 607 n D ' I 2  ~m 

where id i s  the average cur ren t  during the life of a drop in P A ,  n i s  
the number of electrons t ransferred,  D i s  the diffusion coefficient in 
cm'/sec, C is  the concentration in moles l cm , m is the ra te  of flow 
of mercu ry  f rom the dropping mercury  electrode capillary in m g / s e c  
and t is the drop t ime in  seconds, other pa rame te r s  have their  usual 
meaning. 

3 
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The drop ra te  and drop t ime were determined according to  established 
procedures.  ( 5, 

2. 1. 2.4 Capillary Diffusion Experiments 

It is c l ea r  f rom what has  been discussed previously in reference to the 
theory for  dendrite propagation that the addition of a convective 
component to the m a s s  t r ans fe r  wil l  have a strong influence upon the 
diffusion profile surrounding the zinc cathode, and therefore  upon the 
growth character is t ics .  
experiments of Yardney by using a rotating disc  electrode. 
where exactly the opposite occurs can a l so  be created by carrying out 
the electrodeposition within a capillary whereby convection. is  
eliminated and the reaction becomes entirely governed by semi-infinite 
l inear  diffusion. 

Such a situation was art if icially created in the 
A situation 

This method was developed by Laitinen and Kolthoff. (16) 

F igure  2 shows a diagram of the apparatus used. 
ca r r i ed  out using three  different concentrations of zincate. 
at a fixed potential of -1. 8 volt versus  SCE was recorded a s  a function 
of time. At the s t a r t  of each run the electrode was ground smooth and 
amalgamated. 
were  studied: 

Experiments were 
The current  

Three different electrode / electrolyte configurations 

a. with the  diffusion path downwards, 

b. with the diffusion path upwards (with respect  to 
force of gravity), and 

c. with the diffusion path at angle ( l o o )  to the 
vertical. 

2. 2 EXPERIMENTAL RESULTS 

2. 2. 1 Polarographic Determination of the Diffusion Coefficient 
of Zincate in  4470 KOH 

The diffusion coefficient (D) of zincate in  1N NaOH is known(17) and, on 
the basis  of this value and the fact that the diffusion coefficient var ies  
inversely with viscosity, an estimate was made on the value in 44’30 
KOH ( see  Quarter ly  Report No. 2, page 19). This es t imate  was 
1. 3 x cm2/sec .  Using the equation 

i = n F C D / ~  



ZINC ELECTRODE 

SCOT CHCAST 

ZINC ELECTRODE 
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Figure  2. Capillary Diffusion Apparatus 
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where i is the cur ren t  density in amp/cm 2 , n is the number of electrons 

t ransfer red ,  F is the Faraday, C i s  the concentration in moles /cc ,  
D i s  the diffusion coefficient in cm2/ sec  and 6 is  the diffusion layer  
thickness in cm, a rough calculation of the expected limiting cur ren t  for 
a saturated solution of zincate, using the admittedly a rb i t r a ry  value of 
5 x 
5 m A / c m  . This i s  considerably smal le r  than the cur ren ts  which a r e  
actually observed (50 mA/cm2).  
explain on the basis  of surface roughness alone, since the figure of 
50 m A / c m  
dendrite growth i s  considerably less  than the assumed diffusion 
layer  thickness(5 x cm). Therefore, in  view of this uncertainty 
and the evident importance of diffusion in this  system, it was decided to 
m e a s u r e  the diffusion coefficient of zincate in  4470 KOH direct ly  using 
polarography. 

cm for  the diffusion layer  thickness, led to a value of 
2 

This discrepancy is  difficult to 

2 was obtained af te r  two o r  three minutes when the extent of 

The value of D was f i r s t  determined in  1 N  NaOH and a value in fair 
agreement  with that reported by Lingane(17) was found. Following 
this, a determination was made in 1N KOH. Surprisingly, the value 
obtained differed f rom that found in 1N NaOH in spite of the small 
difference in the viscosity of the two solutions. 
ment was made in 4470 KOH and a value of 1. 8 x 
found, which ag rees  quite well with that estimated ear l ie r .  

Finally, a measure-  
c m 2 / s e c  was 

The polarographic resu l t s  obtained a r e  summarized in Table 1. 
Included in this table a r e  the half-wave potentials for  zincate reduction 
and the potentials for  the decomposition of the supporting electrolyte. 
The la t te r  process  is the reduction of potassium ions and, as expected, 
takes  place at a considerably less cathodic potential in the higher 
concentration of KOH. The reduction of the potassium ion proceeds a t  
measurable  r a t e s  a t  about 1 volt from the reversible  potential owing to 
the solubility of potassium in  mercu ry  and the consequent maintenance 
of low potassium activity. 

Since the value for  D obtained i n  the present  work differs  only slightly 
f rom that estimated ea r l i e r  (Quarterly Report No, 2), it follows that 
the value assumed previously fo r  the diffusion layer  thickness 
(5  x 
that the actual thickness is far less  than this. The smal l  diffusion 
layer  thickness is probably a result  of convection at the 
electrode/  electrolyte interface caused by hydrogen bubble formation. 

cm) and used to estimate the limiting cur ren t  is in e r r o r  and 
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2. 2. 2 Electroreduction of Zincate Within a Capillary 

These experiments were  ca r r i ed  out in an  attempt to l ea rn  whether, 
(a)  dendrite propagation and/or  (b) different dendrite morphologies a r e  
in any way  governed by the incidence of spherical  diffusion. 
addition, i t  was intended to demonstrate how far the normal  diffusion 
laws a r e  obeyed during the deposition of zinc f rom a saturated zincate 
solution. 

In 

The equation 

i = n F C  - d TT: 

gives the relationship between current  i in A / c m 2  and t ime, t, i n  
seconds at a fixed potential in the diffusion limited region. 
pa rame te r s  n,F,C and D a r e  in the same  units as for  equation (1). 

The 

F r o m  equations ( 1 )  and (2)  

Equation ( 3 )  shows that the ra te  of growth of the diffusion layer  should 
be governed only by the diffusion coefficient D. 

Any departure  f rom equation (2) should be related to either:  

a. density gradients which cause natural  convection 

b. local convection at the electrode/electrolyte  
interface brought about by gas  bubbles (H2) 

c. a fas te r  rate of growth of electrodeposited zinc 
than the r a t e  of extension of the diffusion layer  

The presence of a cellophane separator  in  a s i lver /z inc  battery a l so  
has  the effect of excluding convection and, with the reservat ion that 
the diffusion coefficient of zincate in cellophane is considerably l e s s  
than in  the f r e e  electrolyte, it i s  felt that this approach is par t icular ly  
relevant to an actual s i lver /  zinc battery. 

1 2  



The f i r s t  s e r i e s  of experiments were ca r r i ed  out with the diffusion path 
downwards, i. e. ,  in the same direction as the force of gravity. 
Equation (2)  was not obeyed and in fact  the cur ren t  was found to r i s e  
instead of decrease  with time. This resul t  indicated that the diffusion 
layer  did not thicken with t ime as would be expected f rom equation (3). 
Instead, a s  the surface became rougher (as a resul t  of dendrite 
formation) the cur ren t  likewise increased since the diffusion layer  
thickness, being smal l  compared to the surface i r regular i t ies ,  caused 
the f l u x  of zincate to be governed by the r ea l  electrode area.  This 
effect is attributed to natural  convection which resul ts  f rom density 
differences between potassium hydroxide and zincate solutions, the 
la t te r  being the m o r e  dense. Natural convection will occur when the 
direction of diffusion is  such that the l e s s  dense solution l ies  below the 
denser  solution. 

The above interpretation was confirmed by the second s e r i e s  of 
experiments in which the diffusion path was upwards, 
run at three  different concentrations of zincate; 1. 13M (saturated 
solution), 0. lM, and 0.02M. The cur ren t  was found to decrease  with 
t ime for  all three  concentrations. Fur thermore ,  i t  was seen to be 
approximately constant (as demanded by equation (2))  during the initial 
s tages  of e lectrolysis  which permitted a calculation of the diffusion 
coefficient (D). Values were  obtained which were  close to  that found 
polarogra hically. The values were 1. 7 x 1. 7 x and 
1. 3 x 10-8cm2/sec  for  the 1. 13, 0. 1 and 0. 02M solutions respectively. 
However, depar tures  f rom equation (2) were  observed af te r  longer 
periods of electrolysis and these were  attributed to  convection which 
resu l t s  f rom bubble formation at the electrode surface. This was not 
entirely eliminated by amalgamation. 
finding of l a rge r  cur ren ts  when deposition was ca r r i ed  out on an  
unamalgamated electrode. 
convection on the diffusion layer  thickness to be most  marked at the 
higher concentrations of zincate where dendrite growth is fas tes t  and 
this was found to be the case. Table 2 summar izes  the resul ts  which 
were  obtained in these experiments. 
significant aspect  of these capillary diffusion experiments is  the 
effect of density differences. 

Experiments were  

This is consistent with the 

One would expect the influence of 

It is considered that the most  

When the capillary was arranged a t  an angle of 10' to the vertical ,  
dendrite growth predominated at the lowest point of the electrode. In 
the saturated solution the rate  of propagation at this point was about 
ten t imes  grea te r  than elesewhere. Such a la rge  effect was not found 
when electrolysis was ca r r i ed  out in the f r e e  electrolyte owing to the 
s t ronger  influence of forced convection. 
nevertheless  found that the deposit was m o r e  even and exhibited l e s s  

In the la t te r  c a s e ,  it was 
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tendency for  individual dendrite propagation on the underside of a 
horizontally arranged electrode. 
available for  this effect. 

No quantitative data o r  photographs a r e  

Such effects  a r e  c lear ly  of relevance in analyzing the possible influence 
of gravity, and fur ther  work is recommended in this area.  

2. 2. 3 Induction Period fo r  Dendrite Propagation and Intermittent 
Charging 

In the studies of the growth of si lver dendrites f rom molten sal ts ,  Barton 
and Bockris(") reported an induction period fo r  dendrite propagation of 
severa l  minutes. This was ascribed to the fact  that a growing protrusion 
o r  pr ismatic  outgrowth has  to penetrate the diffusion layer  before t rue  
dendritic growth can begin. 
is  i l lustrated in  F igures  3(a), 3(b), and 3(c), which represent  the 
progressive stages in the growth of the diffusion layer  a f te r  cur ren t  
starts to flow at some potential in the limiting cur ren t  region. This 
diagram shows the different diffusion profiles which a r e  established. 
the absence of convection, the diffusion layer  thickness is governed by 
equation (3). 
coefficient has  been determined to be 1. 8 x 
layer  thickness is equal to 1. 8 x cm af te r  the cur ren t  has  flowed 
for  one minute and is  equal to 2 . 6  x 10" cm af te r  two minutes. If a 
cer ta in  roughness i s  assumed at the beginning of electrolysis,  then it 
can be seen that initially the diffusion layer  is smal l  compared to the 
surface i r regular i t ies  as shown on Figure  3(a). Under such conditions, 
the flux of zincate to  the electrode is evenly distributed over the ent i re  
surface and growth should be even. Subsequently ( see  F igure  3(b)), the 
diffusion layer  grows such that its thickness is of the same o r d e r  of 
magnitude a s  the surface i r regular i t ies  and under these conditions 
the re  is l e s s  tendency f o r  the diffusion layer  to  follow the exact 
contours of the surface,  therefore, the la rges t  asper i t ies  will have the 
most  ready supply of zincate and wi l l  grow most  rapidly. Eventually, 
i f  convection can be entirely eliminated, the diffusion layer  becomes 
grea te r  than the dimensions of the surface i r regular i t ies  (as shown in 
F igure  3(c)), and the preferential  propagation (at  any ra te  by diffusion) 
of individual dendrites should be eliminated entirely. However, such a 
condition cannot exist  in  this system because of natural  convection 
which resul ts  f rom density differences and local forced convection 
brought about by hydrogen bubble formation. 

Such a proposition is  not unreasonable and 

In 

As an example, in the present  sys tem where the diffusion 
crn2/sec;  the diffusion 
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The above theoretical  considerations prompted a study of the possible 
usefulness of intermittent charging as a means  fo r  promoting the even 
deposition of zinc. 
ca r r i ed  out in which the "on" period was 45 seconds and the "off" 
per iod was 2 minutes. The duration of the "on!' period was selected to 
correspond approximately to the interval  during which, according to 
the above theory, the diffusion layer thickness is st i l l  smal l  compared 
to surface i r regular i t ies .  The "off" period was made long enough 
(again approximately) t o  allow decay of the concentration gradient 
built up during the "on" period. 
successful  and indicated the possibility of employing such a method in 
the actual charging procedure of s i l ve r /  zinc batteries.  

A s e r i e s  of intermittent charging experiments were  

These experiments were  quite 

F igures  4(a) and 4(b) show the deposits obtained by on/off charging and 
by continuous charging. 
smoothness of the deposit obtained by on/off charging. 
r a t e s  were  a l so  determined and it was seen that with on/off charging, 
the ra te  was only about one-third that with continuous charging (for the 
s a m e  total number of coulombs passed). Deposition was ca r r i ed  out at 
-1. 8 volt and, although it is  not very c l ea r  f rom Figure 4, i t  did seem 
that the on/off charging gave a more  mossy  deposit. 
by a metallographic cross-section examination of the growth ( see  
F igures  5(a) and 5(b)). 
the second quarter ly  repor t  (page l o ) ,  where i t  was shown that 
continuous charging leads to the extensive propagation of only a few 
dendri tes  (with most  remaining < 0. O O l " ) ,  on/off charging leads to  a 
m o r e  even growth over the entire surface. 
des i rab le  feature and i l lustrates  both the general  validity of the 
theoret ical  considerations above and that this i s  possibly an 
advantageous technique for  charging batteries.  
these experiments viz. 45 seconds "on" and 2 minutes "off" were  
a r b i t r a r y  and would probably not be appropriate when a cellophane 
separa tor  is  present ;  but the same theory would apply. 
is ca r r i ed  out at constant current,  polarization will be low during the 
init ial  stages of charging before the diffusion layer  thickens and 
consequently the m o r e  desirable, mossy  growth should be obtained. 
Fu r the r  work in this a r e a  should demonstrate  p re fe r r ed  recharging 
techniques. 

The significant feature  is  the relative 
Propagation 

This was confirmed 

In contrast  with the experiments described in 

This i s  c lear ly  a most  

The t imes  selected for  

- 
When charging 

2. 2. 4 Edge Effects 

It was demonstrated using the appratus shown in Figure 1, that 
preferent ia l  propagation of dendrites a t  the electrode edges can be 
eliminated. The remedy shown to be effective was to enclose the edges 
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(b) "on/off" charging 
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in an  alkali res is tant  film. This procedure essentially eliminates the 
possibility of spherical  diffusion to the edges. 
that  the thickness of the edge enclosure be of the same dimensions a s  
the expected zinc electrodeposit. 
equally sat isfactory i f  applied to an actual s i lver /  zinc battery. 
it remains to be seen whether, in a battery, this would eliminate the 
contribution to preferent ia l  edge growth which resu l t s  f rom the close 
proximity of a r e se rvo i r  of zincate-rich electrolyte at the sides of the 
electrode stack. 

The requirement is only 

This procedure would presumably be 
However, 

2. 2. 5 "Single" Dendrite Growth 

Using the previously descr ibed "edgeless electrode", experiments were  
conducted to examine the growth of dendrites through cellophane 
separa tor  material .  
s i lver /z inc  bat ter ies  was placed above the zinc plate and left for  severa l  
hours  to  soak in the electrolyte. 
cellophane with the tip of a needle and the c a m e r a  focussed upon it. 
Experiments were  ca r r i ed  out at -1.65 and -1. 8 volt versus  SCE. 

F igures  6(a) and 6(b) a r e  photographs of the growths obtained at - 1 .  65 
and -1. 8 volt respectively. 

A piece of cellophane of the type used in commercial  

A smal l  hole was then made in the 

~ 

Two main comments can be made: 

a. The ra te  of propagation, expressed in mm/minute  was 
seen to be six t imes  g rea t e r  than is normally 
observed when a dendrite is grown "en masse"  

b. The morphology shown in  both the photographs is  
typical of deposition at m o r e  cathodic potentials. 
F o r  example, a m o r e  mossy  growth would be 
expected a t  -1. 65 volt than was in fact  obtained. 

Both of these resul ts  a r e  felt to emphasize the significance of spherical  
diffusion. Not only does it lead to higher propagation rates ,  but in 
cer ta in  instances the morphology is different f rom that obtained under 
l inear  diffusion control. 

2. 2. 6 Dendrite Nucleation and Initiation 

No rea l  p rog res s  has  been made to  date i n  determining what a r e  the 
fac tors  governing dendrite nucleation. 
is related to the density of dislocations prompted a study of annealed 

The possibility that nucleation 
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and cold-worked substrates.  
growths at - 1650 mV f o r  cold-worked and annealed samples respectively. 
The same  number of coulombs was passed in each experiment. 
tentative conclusion is that on the annealed sample there  were  l e s s  
nucleation sites,  as judged by the decreased number of dendrite clumps 
(mossy  growth in this case). Further ,  m o r e  basic,work is required in 
this area.  

Figures  7(a) and 7(b) a r e  photographs of 

A 

The question a l so  a r i s e s  as to how ear ly  dendrite propagation 
(initiation) occurs. 
which is brought about by hydrogen evolution, a t  any r a t e  in  the 
diffusion-controlled region. 
experiments described above. 
the formation of a mossy  growth must  be regarded a s  intr insic  to the 
system. 
is felt  to  be important in this area. 

It is suggested that this  resu l t s  f rom local convection 

This is supported by the capillary diffusion 
In the purely activation-controlled region, 

Fu r the r  work with the rotating disc  electrode (af ter  Yardney) 

2. 2. 7 Electrodeposition on an Amalgamated Electrode 

It has been shown by Lander(18) that a n  inc rease  in  mercu ry  content of 
the zinc negative electrode leads to  a dec rease  in the cycle life of 
s i lver /z inc  batteries. 
zinc par t ic le  s ize  and the consequent reduction in surface area.  
Experiments were  conducted using a zinc electrode amalgamated 
according to  the procedure described ear l ier .  
the ra te  of growth to some degree but m o r e  striking was the effect on 
the morphology. 
thicker and m o r e  individual dendrite propagation was evident a s  shown 
in F igure  8. 
diminished as reported by Lander since: 

This was tentatively ascr ibed  to  the growth of 

The effect was to  reduce 

The crystall ine s t ruc ture  of the dendrites tended to  be 

It i s  therefore  not surpr is ing that the cycle life was 

2. 2. 8 

a. there  would be m o r e  tendency fo r  shorting to occur, 
and 

b. on discharge the l a r g e r  dendrites would be ha rde r  
to remove, which would again increase  the 
likelihood of ear ly  failure by shorting. 

Additive 6 

Leveling agents operate by virtue of the fac t  that they a r e  adsorbed to a 
g r e a t e r  degree on surface asperi t ies  o r  protrusions and thereby inhibit 
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Figure 8. 

(Mag. 1OOX) 

Dendrite Growth on Amalgamated Electrode 

24 



growth at these points. 
the reasons for  such preferent ia l  adsorption. 
to be due to energetic differences between peaks and valleys of the 
i r r egu la r  surfaces,  while the other regards  non-uniform adsorption to be 
governed by concentration polarization: as in the case  of the diffusion 
theory for  dendrite propagation, the supply of the dissolved additive will 
be grea tes t  nea r  the tip due to spherical  diffusion; adsorption (and 
inclusion) will consequently predominate at such a point. 
and c o - ~ o r k e r s ( ~ )  have recently presented strong evidence for  the 
validity of the la t te r  hypothesis on the bas i s  of experiments using the 
rotating disc  electrode. 

There is ,  however, disagreement  concerning 
One theory considers i t  

Kudryavtsev 

In the present  work, the use of additives has  been investigated briefly 
and the mater ia l s  l isted ea r l i e r  were tested. 
be drawn, however, because only a limited number of experiments 
were  ca r r i ed  out. It did, however, seem that the addition of t in 
(as Snt t )  was beneficial. 
work be done and experiments along the l ines suggested by 
K u d r y a ~ t e e v ( ~ )  be  ca r r i ed  out. 

No firm conclusions can 

It is recommended, however, that fur ther  

2. 2. 9 Electrodeposition from Zinc Chloride Solutions 

In the second quarter ly  report, deposition f rom solutions containing Zn tt 

was discussed. 
zinc is  present  as the f r e e  cation. 
the past  quar te r  and it was found that our  previous statements (based 
upon the plating l i terature)  were  untrue. Dendrite growth was found to 
occur. Further ,  evidence was obtained that the propagation was even 
m o r e  influenced by m a s s  t ransfer  than in the case  of alkaline solutions. 

It was suggested that smooth deposits a r e  obtained when 
Some experiments were  conducted in 
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SECTION I11 - N E W  TECHNOLOGY 

New technology has resulted f rom this contract  relating to: 

a. The use of a n  edge wrapping technique to prevent 
the preferential growth of zinc dendrites a t  the 
electrode edges, and 

b. The use of an intermittent charging technique to 
promote the formation of a more  dense and even 
zinc deposit. 

The theory and state of development of these two methods a r e  fully 
descr ibed in the body of the report. 
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SECTION I V  - CONCLUSIONS AND RECOMMENDATIONS 

The objective of the p rogram was to seek and define specific methods 
of minimizing the rate  of undesirable dendritic growths on the zinc 
electrode which a r e  responsible for  the low reliability of present  
s i lver  /zinc secondary batteries.  The dendritic growths, which form 
when a discharged o r  partially discharged zinc plate is recharged,  even- 
tually resul t  in metall ic bridges between positive and negative plates 
which short  out a paral le l  stack of plates.  
main effort  in this nine-month program was directed towards identifying 
the fac tors  controlling dendrite growth and defining a s  f a r  a s  possible 
the requirements for preventing o r  minimizing dendrite formation, 
of the fac tors  have been identified and some requirements for  improved 
electrode electrolyte systems have been defined. Two specific remedies  
have been proposed, one of which should be investigated in detail  to seek 
an optimum solution. 

To  attain this objective, the 

Many 

During the ear ly  phase of the contract, at  l eas t  three distinct dendrite 
types were observed - mossy,  pine - t ree  and acicular.  
of these exist, but they a r e  l e s s  readily defined. 
of the program,  i t  w a s  shown that the type of dendrite formed is p r i -  
mar i ly  dependent on the charging overpotential. The mossy dendrites 
a r e  favored up to overpotentials of 100 m V ;  pine-tree dendrites in the 
100 m V  - 200 m V  range; and acicular dendrites above 200 mV. The mossy 
dendrite is a m o r e  even and desirable type of growth; the acicular  dendrite 
is the most  i r regular  type and more likely to cause shorting. 
dendrites a r e  formed only a t  low cur ren t  densit ies,  and this means  that 
zinc plates can only be recharged slowly, thus limiting s i lver /z inc  bat-  
t e r i e s  to low recharging ra tes .  

Many variations 
During the f i r s t  phase 

The mossy  

Experiments were then conducted to  determine whether the phenomenon 
of dendrite growth is  dependent on electrode kinetics o r  mass t ransfer .  
Dendrite propagation ra te  measurements  showed that mass  t ransfer  of 
soluble zinc in the electrolyte is a ma jo r  controlling parameter  and that 
the tip of a dendrite grows because of the slow diffusion rate  of zincate 
ions. 
out of zinc becomes l imited and thus surface protrusions extending beyond 
the average surface height begin to grow at the expense of low points on the 
surface.  The t ips of the dendrites remove most  of the zinc f rom solution 
and the low points, which a r e  zinc s tarved,  do not grow a t  the same rate.  
This  process  has  been called "spherical  diffusion'' to de scr ibe the diffusion 
paths of zinc which tend to radiate f rom the dendrite tips. 

Because of this slow diffusion in the liquid phase,  the rate  o f  plating 



An important phenomenon which affects limiting mass  t ransfer  ra tes  has  
been discovered and substantiated. 
fusion coefficient of zincate was determined polarographically a s  
1.8 x Using this value and an a rb i t r a ry  (but usually the 
accepted) value of 5 X lo-' cm. for  the diffusion layer  thickness, it 
appeared that the limiting currents  observed a r e  an o rde r  of magnitude 
l a rge r  than predicted. 
surface roughness factor  and i t  appeared that the diffusion layer  thickness 
must  be lower than 5 X 

convection effects were eliminated demonstrated the existence of two in- 
t r ins ic  convection effects  occurring on the zinc surface as a direct  resul t  
of the electrode processes .  H2 bubble formation (on a very  smal l  scale)  
would appear to be one source of convection; the second convection effect 
is caused by density differences between zinc-saturated and zinc -depletec 
KOH. 
dendrite tips) and may be enhancing the rate  of dendrite propagation. 
They cannot be considered as major s t i r r ing effects which would, of course,  
increase m a s s  t ransfer  in the bulk electrolyte and resul t  in very high 
Reynold's numbers ,  within the zinc matrix.  
previously discussed in the l i terature,  but may have significance in other 
electrode processes .  

This w a s  uncovered af ter  the dif- 

cm2/ sec .  

This  difference could not be explained by a high 

cm. A s e r i e s  of experiments in which external  

These convection effects a r e  very localized (in the region of the 

This  phenomenon has  not been 

Investigation of amalgamated electrodes (porous, up to 4 7 ~  Hg) showed that 
amalgamation has little effect on the type of dendrite formed in the potential 
regions l isted above. 

An extremely important effect w a s  observed at the edge of flat electrodes 
during charge. 
the edge of the electrodes:  this would lead to bridging along the edge of a 
stack. 
caused by "spherical diffusion" of zincate to the edge of the electrode. 

It was observed that dendrite propagation w a s  enhanced at 

A remedy has  been proposed to eliminate this effect which is 

It is proposed that the negative plate edges should be sealed with a non- 
porous plastic (polyethylene) forming a ridge which projects  above the 
zinc surface preventing enhanced diffusion to the edge of the plate. 

Fur ther  consideration of the zincate mass  - t ransfer  limitations and localized 
convection effects indicated the possibility of controlling dendrite growth 
by modified charging technique. 
within the scope of this program, but, using 3 0 7 ~  "on" 607c "off" charging 
cycle at constant potential, the dendrite growth was l e s s  marked than in 
the case  of 1000/, "on" charging at the same potential. 

Only a few prel iminary experiments were 

Some prel iminary studies of electrolyte additives which were used in the 
expectation that selective adsorptio'n on cathodic s i tes  might lessen  den- 
dr i te  propagation r a t e s  showed no observable effect. 
recommended that fur ther  studies of this approach be ca r r i ed  out, the 
absence of any effect perhaps emphasizes the overriding importance of 
mass - t ransfer  control. 

Although it i s  
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In view of the p rogres s  made during this nine-month study in identifying con- 
troll ing pa rame te r ,  i t  i s  recommended that the work be continued to develop 
a m o r e  detailed knowledge of dendrite growth and to demonstrate the ef-  
ficiency of proposed modifications to  the system. 

In par t icu lar ,  the following a reas  should receive attention: 

a. Manufacture of edge -protected electrodes and obse r -  
vations of this modification in  the uniformity of 

dendrite growth during repeated charge /discharge 
cycles. 

- 

b. - 

C. - 

d. - 

e.  - 

Experimental and paper  study of the possibilities of 
intermittent charging (interrupted D. C. ) and superimposed 
A. C. /D. C. techniques. 
i s  to speed up mass - t r ans fe r  to the low-points on the 
surface. An effective solution, of course,  mus t  aim 
at the same integrated charging rate;  otherwise,  the same 
effect can be achieved obviously by working at a lower 
cu r ren t  density. 

The objective of this approach 

Develop a theory o r  theories  for the nucleation and 
initiation of dendrites. The success  of such a task is  
difficult to predict. An attempt should be made to 
analyze the control ( i f  any) exer ted by: (1) different 
surfaces ,  e .g . ,  Cu and N i  and other  high hydrogen over -  
voltage metals,  and (2) variations in solution composition. 

Develop a more advanced theory for the discharge step, 
Zn(0H) t 2e- * Zn t 4 OH’. It i s  very diffi- 
cult to study the kinetics of this process  at a solid 
electrode because of the constantly changing a r e a  
associated w i t h  dendrite formation. Conside ration 
should therefore be given to: (1) the use of a mercu ry  
electrode, and (2)  the use of a rotating electrode. The 
reaction should also be studied at low KOH concen- 
t ra t ions where the Zn(0H) 3 specie S predominates (18) 

Develop a theoretical understanding of the role of 
additives as  leveling agents. A fur ther  attempt should 
be made to examine the role of additives in the present  
sys tem. 



Analyze the importance of temperature  in the range 
0 - 50OC. The effect of temperature  has  not a s  yet 
been included in  our work. It was, however, 
mentioned in the work of Kryukova (loc. cit. ) that 
the effect of raising the temperature  was to diminish 
dendrite propagation. This  could be ascr ibed  on 
the basis  of ou r  present  theories to the higher 
diffusion rate which would resu l t  therefrom. 

-- 

The need f o r  work in these a reas  in demonstrated in this final and the 
preceding quarter ly  report .  
lead to an improvement in zinc electrode life. 

We believe that work along these l ines will 



APPENDIX 

The main reactions associated with the s i lver /z inc  alkaline battery and 
the i r  relative positions in the electrochemical s e r i e s  of poteritial a r e  
summarized in Figure A-1  . Potentials re fer  to standard state 
conditions and a r e  quoted with reference to the standard saturated 
calomel electrode (SCE). 
corresponding to (a) passivation of the zinc electrode, and (b) the 
formation of different morphological var ie t ies  of zinc. 

Included on this diagram a r e  the potentials 
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F igure  A-1. Potential Series for Si lver /  Zinc Battery 
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